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the  rifle  and  decline  of  WH  in  the  field  in  which  WR 
either  on  wetting  or  desiccation  at  RH  below  90. 


INTBODOCTION 


er-repellent" 


end  and  Harris, 
f unknown  type  we 
ter-repellency . 


penetration.  Griep-Smlth  (cited  in  5 
1963)  suggested  that  microorganisms  o 
responsible  Cor  the  development  of  wa 

Mater-repellency  is  common  In  ar 
California,  and  Western  Australia,  characterized  by 
sandy  soils  located  in  sub-tropical  to  Mediterranean 
type  climates  (Bond,  1969) . However,  water-repellent 
soils  have  been  reported  more  recently  in  temperate  cli- 
mates (Heeder  and  Jorgensen,  1979;  Hiller  and  Wilkinson, 
1977)  and  in  non-sandy  soils  (McGhie  and  Posner,  1990]  and 
may  be  considered  global  in  distribution. 

main  poorly  documented  perhaps  because  it  is  not  always 
recognised.  Jamison  (1949,  1946)  believed  that  WH  was  a 
factor  in  the  etiology  of  the  citris  disease  known  as 
blight  of  sand-hill -decline . Osborn  (1969)  found  that  WR 
had  a negative  effect  on  the  germination  of  certain  grasses, 
especially  on  hill  slopes.  Bond  (1972)  found  that  WH 
strongly  reduced  barley  yields. 

The  work  reported  here  is  devoted  entirely  to  the 
origin  and  causal  basis  of  WH  in  several  sandy  soils.  We 
distingiiish  between  cause  and  origin  as  follows:  the 


cause  of  HR  is,  presu4nabiy,  an  organic  material  which 
somehow  hinders  water  penetration.  This  material  can  be 
expected  to  have  a particular  and  therefore,  identifiable, 
origin.  It  is  usually  thought  to  be  a microbiological 
phenoDenon.  The  origin  may  or  may  not  be  identical  with 
the  cause,  depending  on  whether,  for  exaiT^le,  microorganisms 
themselves  cause  HR,  or  merely  produce  a substance  which 

The  etiology  of  HR  should  be  closely  tied  to  the  way 
in  which  HR  increases  and  decreases  under  field  conditions. 
Presumably,  if  we  understand  the  origin  and  basis  for  HR, 
we  should  be  able  to  correctly  predict  the  changes  in  hr 


The  objectives  of  this  research  are  to  determine  the 
origin  of  HR,  to  define  its  chemical  cause,  and  relate 
these  to  HR  as  it  occurs  under  field  conditions. 


LITERATURE  REVIEW 


This  review  is  restricted  t 
to  either  the  origin  or  the  identity  of  th 
ally  associated  with  naturally  occurring  W 
Wander  (1949)  was  perhaps  Che  first  t 
dence  that  niicroorganisms  are  the  origin  o 
He  found  that  strong  HR  was  associated  wit 
oeiving  large  amounts  of  Ca  and  Mg.  He  proposed  that  fatty 
acids  produced  by  microorganisms  reacted  with  the  divalent 
ions  to  produce  a hydrophobic  soap  that  coated  on  the  sand 


t literature  relevant 
e naterial  caus- 

o provide  evi- 

h sandy  soils  re- 


Wander  did  not  actually  attempt  to  show  that  organisms 
in  the  sands  produced  significant  amounts  of  fatty  acids. 
Rather,  hie  conclusion  rests  on  chemical  arguments  for  the 


reasons  that  these  must  be  of  microbial  origin.  What  must 
be  considered  is  the  validity  of  wander's  conclusions  as 
to  the  existence  of  significant  amounts  of  fatty  acids  in 
his  soils  and  their  effectiveness  in  inducing  HR. 

Wander  performed  Che  following  analysis: 
several  composite  soils  samples  which  exhibited 
the  water-repellent  property  were  checked  for  the 
presence  of  fatty  acids.  This  was  done  by  heating 
the  soil  in  the  presence  of  a strong  sodium  hydrox- 
ide solution,  neutralizing  with  sulphuric  acid, 
and  steam  distilling  in  the  presence  of  a alight 
excess  of  acid.  A small  amount  of  solid  material 


(19«, 


soluble  in  nethanol,  Wander  concluded  that  what  he  had 
extracted  with  methanol  was  Mg  or  Ca  stearate  or  some 
fatty  acid  salt  closely  related  to  them.  On  compelling 
reason  for  accepting  this  is  that,  when  genuine  stearic 

then  chased  with  "dilute"  CafOHJj,  intense  WH  was  created. 

As  striking  as  these  results  were,  they  are  not  en- 
tirely convincing.  Wander  does  not  demonstrate  that  his 
methanol  extraction  removes  a stearate  salt  rather  than 
some  other  form  of  Ca  and  Mg,  which  is  methanol  soluble. 

For  example,  Cs(N03)2,  which  could  be  in  the  system,  is 
methanol  soluble;  and  HgClj  is  slightly  so. 

In  addition.  Wander  was  not  able  to  identify  stearate 
in  the  methanol  solution,  its  existence  was  postulated 
from  a report  on  the  solubility  of  the  divalent  salts 
and  the  inference  that  soils  must  contain  long-chain  fatty 
acids  bscause  a harse  basic  extraction  yields  a WR  material. 

Since  Wander  did  not  definitely  prove  that  atearate 
was  in  his  extract,  it  would  be  helpful  to  know  if  other 
members  of  its  homologous  series  also  induce  WR.  This 
would  at  least  remove  the  necessity  of  claiming  that  stearic 
acid,  in  particular,  is  present  in  the  WR  soil. 

Wander  failed  to  do  any  microbiology  and  therefore  may 
have  overlooked  the  possibility  that  Ca  and  Mg  may  affect 
WR  merely  by  providing  special  pR  conditions  favoring 


tfR-producing  organisms,  rather  than  by  participating 
directly  in  creating  hydrophobic  aainpounds. 

Accurate  evaluation  of  Wander's  findings  is  difficult 
because  his  descriptions  of  experimental  procedures  are 
not  precise  and  complete.  Acid,  base,  Ca,  and  Mg  and 
stearate  concentrations  are  invariably  described  as 
"strong,  weak,  dilute,"  etc.  In  reporting  the  methanol 
extraction,  he  does  not  state  temperature  conditions,  nor 
how  much  methanol  per  gram  of  soil  was  used.  The  inade- 
quate definition  of  experimental  oonditions  makes  it 
impossible  properly  to  repeat  his  experments. 

Wander's  conclusions  rely  heavily  on  the  results  of 
methanol  extraction  experiments.  If'methanol  does  reduce 
WR  and  if  the  extrectate  re-evaporated  onto  sand  regene- 
rates WR,  then  perhaps  useful  chemical  studies  of  these 

Bond  and  Karris  (1963) , working  with  coarse  Austra- 
lian sands,  found  that  MR  was  always  associated  with  high 
populations  of  fungi.  Althoug  the  mycelial  masses  they 
collected  in  MR  soils  were  complex  in  nature,  they  found 
that  many  hyphae  exhibited  clamp-connections,  suggesting 
basidiomycetes.  They  hypothesised  that  the  basidiomy- 
cetea  actually  produced  a type  of  water-proofing  material, 
but  they  noted,  "it  remains  uncertain  if  basidiomycetes  them- 
selves are  the  sole,  or  even  the  main  source  of  substances 


c-proofing  the 


particles,  because  wherever  they 


there  exists  an  abundance  of  bypbomycete  fungi  and 
bacteria*  (1963,  p.  120). 

The  work  of  Bond  and  Harris  exemplifies  the  neces- 


sity of  distinguishing  between  correlation  and  caus 
Because  basidiomycete  growth  correlates  well  with  w 
increase  does  not  prove  that  it  actually  produces  H 
Bond  and  Harris  did  not  attempt  to  induce  HR  i 
sands  with  organisms  isolated  from  their  sands.  Th 
may  have  been  due  to  their  inability  to  obtain  pure 


tures  from  the  samples  they  collected. 

Following  the  suggestion  of  Bond  and  Harris  (1963) 
concerning  the  relation  of  HR  to  fungi,  Bornemisaa  (1964) 
grew  ftspergillus  niger  in  broth,  dried  the  mycelium,  and 

and  0.125  I of  soil  weight.  Before  incubating  the  mixture, 
he  obtained  contact  angles  of  90,  99,  93,  and  *74  degrees 
by  the  capillary  rise  method  (Emerson  and  Bond,  1963) . 

King  (1991)  indicates  that  these  values  correspond  Co 
water-drop-penetration-times  ((4CFT)  of  260,  142,  16,  and 
Is,  respectively.  The  samples  were  then  dry-incubated  at 
29c  for  4 weeks.  The  only  effect  this  produced  was  to 
reduce  the  first  contact  angle  from  90  to  97  degrees  (from 


The  first  problem  one  sees  with  this  experiment  is  the 
fungal  mass  needed  Co  obtain  significant  HR.  Some  very  HR 
materials  have  hardly  this  amount  of  organic  matter  ^ toto. 


and  far  from  all  of  that  is  fungal  mass.  Purthamore, 
Bornemista  produces  no  evidence  to  suggest  that  there  is 
enough  mycelium  in  natural  WR  materials  to  produce  even 
these  modest  HDPTs. 

The  penetration  times  fPT)  achieved  by  Bornemissa  at 
achieved  in  the  field.  Roberta  and  Carbon  {1971)  have 


CIS  to  have  been  working  with  a differ- 
ent concept  of  the  basis  of  WR  than  either  Wander  (1949) 
or  Bond  and  Barris  (1963) . The  latter  workers  considered 
WR  to  be  due  to  a coating  or  "water-proofing"  of  the  sand 
grain  surface.  The  HR  produced  in  Bornenisza's  work  seems 
to  result  from  a simple  mixture  of  sand  and  fungal  mycelia. 
He  presents  no  evidence  to  suggest  that  his  incubation  did 
anything  to  produce  a coating.  If  the  sand-mycelium  mix- 

would  almost  certainly  separate  from  the  dense  sand, 
leaving  the  latter  NWR. 

Savage  et  al.  (1969b)  inoculated  spore  suspensions 
of  eight  common  soil  fungi  separately  onto  sand.  Twenty 
mis  of  water  suspension  were  mixed  with  100  gn  sand,  so 
that  the  incubation  was  conduc(:ed  at  about  twice  field 
capacity  (Brady,  1974).  After  53  days  of  incubation,  the 
air-dried  sands  Inoculated  with  ^ sydowi  and  P.  nigricans 


gave  PTs  of  17  and  16  seconds,  respectively.  The  other 
organisms  produced  no  repellency.  Controls  were  sands 
with  water  and  nutrient  medium  but  no  inoculum;  these 
also  produced  no  repellency. 

Possible  reasons  for  the  low  penetration  times  inay 
include  a)  the  low  nutrient  content  of  the  suspending 
medium,  which  contained  only  glucose  (0.5%1  and  glycine 
(0.13%)  and  may  have  been  growth-limiting  for  some  fungi; 

may  have  been  too  high  for  good  fungal  growth. 

In  the  same  paper  the  authors  reported  that  methanol 
and  water  extracts  from  the  cultures,  when  air-dried  on 
ignited  sand,  induced  MR  when  the  sand  was  heated.  The 
extractions  were  done  by  shaking  the  sand  with  an  equal 
weight  of  solvent  for  an  hour  and  then  decanting  onto  the 
sand.  By  heating  the  samples  at  200C  for  13  minutes, 
they  were  able  to  obtain  very  high  repellencies  for  methanol 
extractions,  less  for  water  extractions.  They  achieved 
no  water  repellency  with  only  air-drying. 

In  subsequent  experiments,  the  authors  tested  the 
effects  of  three  microbial  humic  acids  and  a microbial 
polysaccharide  produced  in  vitro  (Savage  et  al.,  1969a). 
These  dried  materials  were  mixed  with  ignited  sand  at 
rates  of  0.001,  0.05,  and  0.11  and  wetted  with  solutions 


repellency 


repellency 


. In  a few  of  the  systems,  extreme 
generated  but  the  authors  conclude  that  the  pH  conditions 
under  which  this  occurred  were  too  unusual  to  be  important 

ftdhlhari  and  chahrabarti  (197S)  used  microbial  humic 
acids  from  S.  atra  and  a Streptomyces  sp.  to  make  humate* 

Fe  complexes.  Mixing  these  dried  materials  with  organic- 
raatter-free  soil  at  l!9  rate,  they  achieved  maximum  pene- 
tration times  of  about  ISOs.  No  pH  adjustments  were  made. 
The  main  problem  here  is  that  only  moderate  FT  is  induced 
by  organic  matter  additions  far  above  those  found  in 
sandy  soils.  Another  is  that,  like  Bomemiata,  these 
authors  have  produced  'extrinsic"  WB;  density  separation 
would  leave  the  heavier  soil  quite  non-repellent.  Many 
(perhaps  moat)  cases  are  not  like  this,  so  the  results 
leave  those  cases  unexplained  altogether. 

Roberts  and  Carbon  (1971,  1972)  worked  directly 
with  the  chemistry  of  natural  HR  material.  They  claimed 
to  identify  a 1 un-thick  organic  coating  on  sand  grains 

wet-agitation  or  by  treatment  with  Na^COj.  when  the  sand 
was  soaked  for  14  days  in  0. OOSMNa^COj , most  of  the  organic 
matter  was  removed  and  the  sand  was  left  SWR.  The  solution 
was  then  separated  into  humic  and  fulvic  acid  fractions  by 
the  method  of  Kononova  (1961) . The  fulvic  fraction,  when 
dried  back  onto  the  extracted  sand,  yielded  no  WR.  The 


n 

humic  acid  £raction  handled  in  the  same  manner  re-lnduced 
WK.  The  authors  imply  that  this  humic  skin  is  micro- 
bially  produced  and  that,  once  formed,  it  is  a permanent 
part  of  the  "stable  humic  acid  fraction"  of  the  sand. 

As  suggestive  as  this  experiment  was , it  was  not  con- 
clusive in  showing  that  the  humic  material  was  the  source 
of  the  original  repellency.  The  Na.CO^  extraction  is 
unlikely  to  leave  the  humic  acid  complex  unchanged  with 
the  result  that  the  re-applied  material  may  not  be  the 
sane  as  that  removed.  Second,  the  authors  do  not  state 
at  what  temperature  the  humic  extract  was  re-dried  on  the 
cleaned  sand.  If  this  temperature  was  well  above  what 
could  be  expected  in  the  field,  then  they  may  have  created 
an  artifact.  Third,  the  original  extractate  contained 
both  humic  and  fulvic  acids.  Presumably,  so  did  the  ori- 
ginal sand.  Since  the  fulvic  acid  is  NHR,  there  is  no 
reason  to  believe  that  the  orginal  humic/fulvic  mixture 
on  the  sand  was  WP.  Perhaps  the  original  repellency  was 
due  to  some  other  factor,  such  as  acidic  polysaccharides, 
also  removed  by  the  extraction,  but  not  re-precipitated 
back  onto  the  sand  in  its  original  form  so  that  it  failed 

Roberts  and  Carbon  also  studied  humidity  effects  in 
WH  sands.  These  experiments  were  designed  to  explain  how 
WR  "appears  during  the  last  intermittent  rains  of  spring 
(October) , but  disappears  during  the  following  rainy  win- 


After  drying  the  sand  at  BOC,  the  authors  placed  pre- 
wetted and  non-pre-wetted  samples  at  humidities  ranging 
from  BO  to  lOOt  relative  humidity.  The  penetration  time 
for  all  samples  before  wetting  was  600  s.  Initial  PTs 
were  0 and  600  s for  the  pre-wetted  and  non-pre-wetted 
samples,  respectively.  On  incubation  at  100  RH  for  2 weeAs, 
the  PT  of  the  non-pre-wetted  samples  declined  to  <1  e.  At 
lower  RHs,  these  samples  retained  PT  > 600  s.  The  pre- 
wetted samples  remained  at  PT  <1  s when  incubated  at 
humidites  >97  tlK.  At  lower  RHs.  the  PTs  of  the  pre-wetted 
aamples  increased  on  incubation.  For  example,  a pre- 
wetted  sample  incubated  for  2 weeks  at  90  RH  had  a PT  of 
40  8.  After  3 weeke  at  this  EUl  the  PT  increased  to  60  a. 

(The  experiment  was  terminated  after  3 weeks) , 


The  first  problem  is  thst  the  authors  are  not  really 
working  with  a natural  sample,  but  one  which  has  been 
heated  to  SOC  for  an  unstated  length  of  time.  This  has 
an  indeterminate  effect  on  the  results. 


The  pre-wetted  series  is  supposed  to  show  how  WR  due 
to  a permanent  but  wettable  coating  might  be  regenerated 
on  drying.  At  the  lower  RHs  the  coating  simply  dehydrates 
and  some  of  the  PT  returns.  But,  in  fact,  the  original 


high  PT  la  not  regained.  Are  we  to  infer  that  at  lower 
humidities  and/or  longer  incubation  times  it  would  be? 


might  be  regained. 


According  to  Chon  and  Schnitzer  (197B) , at  soil  pUs 
at  or  below  neutrality,  humic  acida  contribute  to  WR  if 
they  dominate  the  humic  acid'fulvic  aoid  system.  If 
fulvic  acids  dominate,  they  will  likely  diaaolve  and 
improve  wettability  at  these  pHs.  Both  humic  and  fulvic 

authors  believe  that  this  hypothesis  emplalns  the  observa- 
tions of  Holzhey  (1969) , who  found  that  areas  in  southern 
California  become  WR  after  autumn  rains  but  became  NWR 
after  long  periods  of  desiccation.  Chen  and  Bchnitzer 
(1978)  believe  that  the  increase  in  HR  is  due  to  leaching 
of  fulvic  acids  in  the  rains,  which  leaves  the  HR-inducing 
humates  behind. 

Miller  and  Wilkinson  (1977)  and  Wilkinson  and  Miller 
(1978)  investigated  the  sandy  soils  of  Ohio  golf  greens 
to  determine  the  nature  of  the  HR.  They  used  scanning 
electron  microscopy  (S£H)  to  identify  the  coating  on  the 
grains  as  a combination  of  amorphous  and  mycelial  organic 
material.  They  also  found  that  sand  grains  from  NHR 
areas  showed  no  such  covering.  The  coating  material 
tended  to  aggregate  the  sax^  grains  in  the  affected  areas. 
The  best  defence  against  the  repellency,  they  said,  was  to 
keep  the  green  wet.  Repellency  increased  with  drying. 

Hilkinson  and  Miller  (1978)  claimed  to  identify  the 
HR  material  as  a fulvic  acid.  The  sand  was  extracted  with 
59  NaOH  and  purified  by  passing  it  through  a Dowex  50  resin 


u 


acid  column.  The  material  was  then  freeze-dried  and 
prepared  for  IB  as  a solid.  The  IB  spectrum  obtained  waa 
"almost  identical"  tc  those  described  by  Stevenson  and 
Goh  fl971)  for  soil  fulvic  acids.  They  hypothesized 
that  HB  is  due  Co  Che  formation  of  Ca  and  M9  fulvates 
which  become  hydrophobic  after  a prolonged  drying  cycle- 
With  respect  Co  the  view  that  HR  is  a result  of  a 
Ca/Mg  salt,  they  simply  give  no  evidence  for  Che  claim. 
They  did  not  analyze  the  fulvic  extracts  for  these  ele- 
ments. Their  work  on  the  organic  basic  extract  does  not 

fail  to  yield  extractates  with  the  same  IR  spectrum.  Un- 
less this  la  done,  there  is  no  reason  to  think  Che  chemis- 
try of  the  HR  is  special.  Their  argument  could  have  been 
strengthened  had  they  induced  HR  with  Ca  or  Mg  precipi- 


The  SEH  study  (Hiller  and  Nilkinson,  1977)  is  more 
compelling,  The  photographs  show  a coating  of  remarkable 
density  and  thickness  on  HB  sand  grains. 

Several  investigators  have  observed  seasonal  varia- 
tion in  HR.  Jamison  (1946)  found  that  wetting  a HR  soil 
temporarily  cured  the  problem,  but  the  resistant  condition 
returned  on  drying:  the  point  is  reiterated  by  Wilkinson 
and  Miller,  1978) . 

Bond  reported  that  for  south  Australian  sands,  "At 
all  sites  the  soil  became  markedly  more  repellent  after 


the  first  heavy  rains  or  the  autumn  while  the  soil  was 
still  warm,  and  in  the  period  when  basidionycetes  were 
most  active  in  growth.  The  repellence  persisted  through 
the  winter,  with  some  decrease  in  intensity,  but  the 
largest  decrease  occurred  in  the  late  spring  and  summer" 

Holshey  observed  that  ecuthern  California  soils  with 
low  litter  contents  were,  '...usually  quite  wettable  when 
thoroughly  desiccated  in  summer.  However,  following 
autumn  rains,  the  moistened  areas  may  rapidly  become 
extremely  repellent"  {1969,  p.  311. 

Roberts  and  Carbon  report  on  "...observations  in  the 
field,  where  water  repellence  appears  during  the  last 
intermittent  rains  of  spring  (October)  but  only  slowly 
disappears  in  the  following  rainy  winter"  (1971,  p.  19) . 

In  direct  reference  to  the  mehcanism  of  HR  increase, 
they  stated  that  'dehydration  of  these  organic  slcins  during 
the  hot  summer  caused  then  to  become  hydrophobic  and 
they  did  not  readily  rewet  during  the  subsequent  wet 

of  water  infiltration  and  storage  occurred  in  early 
winter"  (1971,  p.  13) . 


MATERIALS 


METHODS 


Five  sample  types  were  used  in  this  study: 

1]  A St.  Lucie  aand  Ctypic  qusrtasinisent)  from  Lake 
worth,  Florida,  labelled,  L: 

2]  A Tavares  sand  (typic  quartzamnentl  from  Bartow, 
Florida,  labelled,  B; 

3]  An  Arredondo  sand  (grossarenic  paleudult)  from 
Gainesville,  Florida,  labelled,  G; 


4)  A beach  sand  from  Kauai,  Hawaii  (unclassified) 
labelled,  H; 

5)  A Eustia  sand  (psasimentic  paleudult)  from 
Gainesville,  Florida,  labelled,  E. 


The  L,  B,  and  H sands  exhibited  intrinsic  HR  (IWR) , 
in  that,  when  dry-sieved  so  that  the  separable  organic 
matter  "floated"  on  the  top  of  the  sand,  the  samples 
remained  WR.  This  indicated  that  the  HR  material  was 
firmly  attached  to  the  gr 


(C  s 0.1%  loy  induction  furnace). 

The  G sand  was  substantially  different.  When  sieving 
density-separated  the  particulate  organic  matter,  the  sand 


original 


material.  The  particulate  organic  matter  separated  in 
this  vay  remained  HR.  This  was  designated  extrinsic 
water-repellency  (EHRl , meaning  that  the  sand  itself 
was  NHR.  It  had  a carbon  content  of  about  1%. 

The  Eustis  (B1  sand  was  not  water-repellent.  It 
was  used  for  corparative  purposes. 


Method  of  Quantitating  HR 


He  chose  the  water-drop-penetration-time  {designated 
PT)  method  for  quantitating  HR.  A small  portion  of  sand 
(usually  about  0.8  gm)  was  placed  in  the  cap  of  a 3 ml 
vial.  The  cap  was  tapped  several  times  on  the  work  bench 
to  obtain  a uniform  bulk  density.  A drop  of  deionised 
water  (0.04  ml)  was  then  placed  on  the  surface  with  a 
microliter  syringe.  A stop  watch  was  used  to  measure  the 
time  for  the  drop  to  completely  penetrate  the  sand  as 
observed  under  a dissecting  microscope.  Figure  1 shows 
the  penetration  of  such  a drop. 


sample.  Averages  are  reported  here.  For  the  basic  experi- 
ments establishing  the  increase  of  PT  at  high  relative 
huniditlea  and  Ite  relationship  Co  actinomycete  growth, 
the  differences  between  the  values  compared  in  the  experi- 
ments were  found  to  be  significant  at  levels  of  0.1  or 
better.  In  other  experiments,  particularly  those  relating 
to  the  effects  of  volatile  materials  or 


Fig. 


Photo  micrographs  showing  three  stages 
of  penetration  of  a water  drop  into 
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suppression,  such  levels  of  significance  were  not  achieved 
for  individual  experiinents . For  this  reason,  several 
replications  of  such  experiinents  are  presented  here.  It 
would  be  useful  to  improve  the  quantitative  quality  of 
such  experiinents  in  the  future. 

For  samples  exhibiting  unusually  high  PTs,  PT  measure- 
ments were  stopped  at  1200s. 

There  has  been  debate  over  the  best  method  for  quan- 
titating UR  (Letey,  1969;  King,  1981).  Some  workers 
prefer  capillary  rise  methods  to  PT  (Yuan  and  Hammond, 

1968;  Emerson  and  Bond,  1963) . There  are  a number  of 
reasons  for  choosing  the  latter.  Water-drop-penetration- 
time  is  much  faster  than  capillary  rise  and  uses  much 
less  sample.  Since  the  work  required  thousands  of  measure- 
ments. PT  was  the  only  practicable  technique.  Penetration 
time  measurement  is  also  the  most  commonly  used  in  current 
studies.  Results  from  PT  measurements  are  most  easily 
compared  with  those  of  other  workers.  Finally,  the  investi- 
gations of  Yuan  and  Hammond  (1968)  and  King  (1981)  indicate 
that  PT  gives  results  comparable  to  tliose  obtained  by  the 
capillary  rise  method. 

The  term  "water-repellency"  is  a vague  one,  which  does 
not  imply  a single  defining  experimental  measure.  There- 
fore, one  is  free  to  choose  the  most  convenient  measure  so 
long  as  it  is  realized  that  it  may  not  correspond  exactly 
to  the  results  of  other  measures.  In  the  work  that  follows. 


tr-repellency* 


c-drop-penetrati on- 


time"  are  treated  as  aynomyma. 


Sample  Randlinq  and  Selection 


Time  considerations  dictated  that  most  of  the  work 
be  done  using  the  L soil.  The  other  samples  were  used 
primarily  to  teat  the  universality  of  results  of  work 


The  L material  was  visibly  cleaner  than  the  other 
materials.  This  was  a significant  advantage  in  visible 
and  electron  microscopy,  since  there  was  little  extraneous 
material  to  interfere  with  the  observation  of  the  surface 
organic  materials.  It  also  meant  that  stains  gave  good 
1 the  sand  background. 


Samples  of  uniform  particle  size  were  used  in  the 
PT  experiments  because  they  gave  more  reproducible  PTs. 
The  samples  were  separated  into  size  fractions  by  shaking 
a sample  through  nested  sieves  (sizes  10,  20,  40,  SO,  and 
100  mesh)  on  a mechanical  shaker  for  5 minutes.  Sizes 
will  be  labelled  here  as,  for  example,  40/60  indicating 
the  material  passed  through  a 40-mesh  sieve  but  not  a 
60-mesh  sieve. 

usually  no  attempt  was  made  to  separate  particulate 
organic  matter  from  the  soils  used  for  FT  experiments. 
Attempts  to  separate  organic  particulates  from  large  sand 
samples  failed  because  the  manipulations  involved  in 


separations  invariably  dislodged  more  organic  materials 
iron  the  sands.  Such  a separation  was  done  for  the  dif- 
ferential -“Scanning-calorimetry  experiment,  where  samples 
were  small,  and  for  which  it  was  important  to  reduce 
extraneous  organic  material  to  a minimum. 

other  Analytical  Methods 

Scanning  electron  microscopy  (SEM)  was  done  with  a 
Hitachi*  model  S-4S0.  Samples  from  high  humidity  containers 
were  air-dried  prior  to  being  gold-coated.  No  other  treat- 
ment was  found  necessary. 

Infrared  spectra  of  solid  organic  materials  from  the 
sand  surfaces  were  run  on  a Perkin-Elmer*  model  567  instru- 
ment using  KBr  pelletization. 

X-ray  diffractions  of  the  clay  on  the  sand  surfaces 
were  conducted  using  a General  Electric*  model  XRO  700. 
Organic  matter  and  heavy  metals  were  removed  from  the  sam- 
ples using  standard  methods  (Whittig,  1965). 

Total  carbon  analyses  were  conducted  using  a Leco* 
induction  furnace.  Soluble  carbon  was  run  on  the  extrac- 
tates  of  the  L material  with  an  O.  I.  Corp.  model  504 
total  carbon  analyzer.  The  ampule  technique  was  followed 
(Menzel  and  Zacarro,  1964) . 

Calcium,  Hg,  Fe,  and  A1  were  done  on  neutral  water, 
methanol,  Kcl  and  pH  = 14  (1  N NaOH)  water  extracts  of  the 
L sand  with  a Per)tin-Bitiier’  model  460  atomic  absorption 


spectrophotometer. 


Differential  scanning  calorijnetry 


40/60  sieve  fraction  of  the  natural  L sand  using  a Dug>ont* 
model  990  instrument  calorimeter  vith  gold  pans.  The  calor- 
imetric standard  was  ignited  sand. 

A number  of  solvent  extractions  were  performed  on  the 
h sandj  using  20  gm  of  40/60  material  poured  into  a 1 cm 
glass  tube.  Extractant  was  dripped  onto  the  top  of  the  tube 
such  that,  once  the  sand  column  became  saturated  with  extrac- 
tant, it  remained  so  until  the  end  of  the  procedure.  Sol- 
vent was  used  at  a 10:1  solvent  to  sand  ratio  (volume :welght) . 
The  solvents  were  water,  ethanol,  methanol,  acetonitrile, 
and  n-hexane. 

Incubation  Methods 

At  least  one  incubation  of  each  sample  was  carried  out 
in  a desiccator  at  100  RK  and  room  temperature  in  an  air- 
conditioned  laboratory  (22c  < T < 26C) . Some  aaples  were 
incubated  at  lower  humidities.  Desired  desiccator  humidi- 
ties were  maintained  using  saturated  inorganic  salt  solu- 
tions (Hinston  and  Bates,  1960) . 

Time-course  incubations  were  done  by  placing  replicate 

them  individually  at  specified  times.  A number  of  time- 
course  studies  were  performed  with  antibiotic-treated  sand 
see  Table  1) . This  was  done  by  soaking  the  sand  in  an  anti- 
biotic solution  of  the  desired  concentration  and  drying  the 


sand-aolution  in  a laminar  flow  hood.  Controls  for  this 
porpoae  ware  the  same  sample  soahed  only  in  the  solvent. 

Concentrations  of  the  antibiotics  were  chosen  based 
upon  Johnson  and  Curl  (1972)  and  Hilliams  and  Davies 
(1965) , The  choice  of  concentration  used  in  the  sand  sys- 
tem was  made  with  two  considerations  in  mind.  First,  the 
material  would  be  dried  onto  the  sand  surface,  and  thus, 
the  apparent  concentration  would  be  greatly  magnified  in 
comparison  to  solution  concentration.  Secondly,  the  sand 
contains  considerable  amounts  of  organic  matter,  which 
could  absorb  and  perhaps  deactivate  the  antibiotic,  As 
a result,  typical  agar  medium  concentrations  were  adopted, 
Solutions  were  prepared  at  SO  and  30  mg/1  and  applied  1:1 
to  the  sand  (volume:veight] , Cycloheximide  was  used  at 
concentrations  up  to  200  mg/l  as  well  as  the  more  typical 
concentrations . 

Nystatin  is  water-insoluble  and  was  applied  to  the 
sand  in  ethanol  solution  at  50  mg/l.  The  control  sand  was 
treated  with  reagent  ethanol. 

Hlcrobiologlcal  Methods 

Attempts  were  made  to  induce  WR  in  NWB  sands  using 
pure  cultures  (or  mixtures  of  them)  of  26  organisms  Isolated 
from  WR  L sands.  The  isolates  were  obtained  by  agitating 
WH  sands  in  a Waring^  blender  at  medium  speed  with  0.01  M 


Nad  (1:1  5and:saline)  . After 
seconds)  the  saline  suspension 


clef  settling  period  (10 
plated  on  three  selective 


tryptic  floy  agar  (TSA)  plus 


rose  bengal  (50  mg/1)  for  bacteria,  b)  TSA  plus  strepto- 
mycin (SO  iiig/1)  for  fungi,  and  c)  water  agar  for  actino- 
mycetes  (Johnson  and  Curl,  1972} . Distinctive  colony  types 
were  re-streaked  on  the  original  medium  until  uniform  colo- 
nies were  obtained.  These  apparent  pure  cultures  were 
then  streaJced  onto  slants  for  storage. 

Two  other  isolation  procedures  were  used  based  upon 
laboratory  experience.  Water-repellent  sand  was  incubated 
adjacent  to  an  ignited  sand,  being  separated  only  by  nylon 
mesh.  Ryphae  from  the  Wk  sand  penetrated  the  nylon  mesh 
and  adhered  to  the  ignited  grains  in  "beads  on  a string" 
fashion.  Individual  hyphal  fragments  were  cultured  and 
inoculated  onto  test  sand.  In  the  second  procedure,  the 
number  of  isolates  was  reduced  by  selecting  those  that 
grew  well  at  100  RH.  To  do  this,  WB  grains  were  fixed  to 
microscope  slides  with  collodion  and  incubated  for  10  days 
(100  RH,  room  temperature) . The  slide  was  then  held  above 
a Petri  dish  containing  TSA  and  tapped.  Spores  and/or  hyphae 
of  actively  growing  organisms,  perhaps  associated  with  the 
induction  of  WH,  were  dislodges  and  fell  onto  the  platea, 
while  those  which  had  failed  to  grow  under  these  conditions 
tended  to  remain  on  the  sand. 

The  isolated  organisms  were  used  in  inoculation  exper- 
iments to  try  to  induce  WR  onto  ignited  sands,  To  this 
end,  the  individual  organisms  were  grown  in  American  Type 


culture  Collection 


for  several  days.  They 


then  centrifuged  and  washed  with  sterile  saline.  After 
several  washings,  the  organisms  were  taken  up  in  50  ml 
deionized  water.  Three-tenths  ml  of  this  suspension  was 
inoculated  onto  8 gm  of  ignited  sand  in  a seruio  vial, 
fitted  with  a cut-off  syringe  barrel  filled  with  cotton. 
These  latter  were  autoclaved  prior  to  inoculation.  The 
syringe-barrel  assembly  served  to  admit  air  to  the  system. 
One  ml  of  ATCC  food  mixture  was  also  injected.  The  inocu- 
lations were  allowed  to  incubate  at  room  temperature  for 
a minimum  of  1 month,  controls  for  the  experiments  were 
dead  cells  Inoculated  in  the  same  way.  At  the  end  of  the 
incubation  period  the  sand  was  removed  from  the  vials, 
dried  at  lOOC,  and  tested  for  PT. 

Several  incubations  were  performed  using  r-irradiated 
material,  soils  were  irradiated  using  a cobalt  source 
paloed  2 inches  from  15  mm  glass  test  t;^es  containing  4 gm 
of  soil.  Irradiation  was  performed  for  about  15  hrs,  to 
give  total  radiation  doses  of  1.5-1. 9 x 10"  rads. 

A series  of  dilution  experiments  were  performed  in 
order  to  follow  the  relationship  of  PT  increase  to  microbial 
activities  at  100  RH.  Several  Petri  dishes,  each  containing 
10  gm  of  L material  were  incubated  at  100  RH  and  room  temp- 
erature. Dishes  were  removed  in  pairs  at  specified  times. 
One  was  used  to  test  PT.  The  other  was  transferred  to  a 
Waring*  blender  containing  100  ml  of  sterile  water  and 


agitated  for  2 minutes  at  medium  speed.  From  this  sus- 
pension dilutions  of  lO"^,  were  made.  Each 

dilution  was  streaked  in  triplicate  on  the  fungal,  bacterial, 
and  actinomycete  selective  media.  The  plates  were  incubated 
at  28C.  The  bacteria  were  counted  after  24  hr,  the  fungi 
after  48  hr,  and  the  actinomycetes  after  72  hr. 


Defined  media  were  used  to  test  the  WR  suppression 
effects  of  various  organisms  isolated  from  Bustis  sand. 


Formulae  for  the  salt,  t 

Glucose  (0.25  gm/1)  was  used  < 
extract  (3.0  gm/1)  was  used  ai 
and  Meynell,  1965). 

Anaerobic  incubations  wei 
materials.  Ten  gram  samples  t 
were  placed  over  deoxygenated 
tainers  [Fisher  Scientific  Co. 
for  oxygen  removal 


element,  and  vitamin  solutions 
of  Tiedje  and  Dazso  (1982). 
as  the  carbon  source.  Yeast 
IS  a vitamin  source  (Keynell 

(re  performed  using  L and  B 


< 100  c 


. } containing  a Pd  catalyst 
f resazurin  indicator  was 
s system  to  indicate  when  all  free  oxygen  had 
been  removed.  The  container  was  then  flushed  for  5 minute 
with  nitrogen  and  sealed.  Incubations  were  carried  out 
for  10  days  at  room  temperature. 


RESULTS  AND  DISCUSSION 
The  Microbiology  of  Mater-Rep^llencv 

In  this  section  evidence  is  presented  for  the  role 
of  microorganisms  in  the  rise  of  water-repeliency  at 
high  humidities. 

Mater-Repellencv  Increases  at  100  M — A Biological  Process? 

Yuan  and  Hammond  state  that  "time  required  for  the 
water  drop  to  penetrate  the  soil  surface  increased  very 
sharply  when  the  soil  had  been  equilibrated  in  a desiccator 
at  95»  or  greater  humidity"  (1968,  p.  58).  The  present  work 
largely  confirms  their  result,  although  it  was  found  that 
WR  grows  dramatically  only  at  RHs  very  near  to  1008.  The 
dependency  of  WR  increase  on  high  RH  could  imply  microbial 
involvement.  For  this  reason  we  studied  the  microbiology 
of  the  system. 

Initial  experiments  were  conducted  at  100  RH  for 
10-day  periods  at  room  temperature.  Table  2 shows  that 
all  naturally  hr  materials  (Soils  L,  B,  G,  and  H)  sharply 
increased  in  PT  during  a 10-day  incubation.  The  E sample, 
initially  NHR,  failed  to  gain  any  HR  during  the  same  period 
of  incubation.  Wet  L sand,  also  NUR,  failed  to  become  so 
at  100  RH.  The  high  humidity  treatment  does  not  create 
HR  where  none  existed  before. 


incubated 


Table  2.  PT  increases  of  various  sandy  soils 
at  100  RH  and  room  temperature  for  ] 


32 


1103° 

Ilia*” 


^Differences  between  PT  initial  and  PT  final  are  signi- 
kficant  at  the  0.05  level. 

Difference  significant  at  the  0.1  level. 


B sands  incubated  anaero- 
room  temperature  for 


The  fact  that  FT  of  samples  fcom  very  different 
Florida  locations  (including  the  EWR  soil  G) , and  from 
Hawaii  all  responded  positively  indicates  that  this  mech- 
anism of  FT  increase  is  widespread. 


The  dramatic 
a biological  mechi 
bations  support  t! 
incubated  at  28C  i 


?T  at  100  RH  suggests  that 
operating.  Other  10-day  incu- 
m samples  of  1.  material  are 
1 and  3C.  respectively,  the  former  increased 
^om-temperature  counterpart,  while  the 
c 3C  increased  only  very  slightly  (see  Table 


The  results  of  anaerobic  incubation  of  the  L and  B 
materials  also  suggest  a biological  mechanism.  On  three 
replications  of  the  experiment,  the  B soil  increased 
consistently  in  FT,  while  the  L soil  usually  declined 
in  FT.  It  is  difficult  to  explain  these  results  other 
than  biologically.  Apparently  the  B material  contains  an 
anaerobic  HR-producing  organism  and  the  L does  not.  The 
results  also  imply  that  there  is  more  than  one  kind  of  HR- 
producing  organism  (see  Table  3). 

Table  2 shows  the  10-day  rise  in  FT  of  the  extrinsic 
(EWR)  sample,  G.  Under  Materials  and  Methods,  this  material 
was  described  as  being  characterized  by  the  fact  that,  when 
organic  matter  is  density-separated  from  the  sand  on  siev- 
ing, the  denser  sand  proved  not  to  be  HR  while  the  organic 
matter  remained  HR.  The  repellenoy  of  the  sample  seems  to 
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be  due  entirely  to  the  particulate  orqanic  natter.  When 
the  material  was  incubated,  thie  remained  true.  The 
denser  sand,  when  separated,  remained  at  PT  <=  0.  However, 
when  this  separated  sand  was  incubated  independently  of 
its  particulate  organic  matter  for  10  days,  it  grew  in 
penetration  time  at  quite  a normal  rate.  (For  duplicate 
incubations  of  the  separated  sand,  initial  PTs  were  0 and 


How  this  occurs  is  not  understood,  h reasonable  con- 
jecture is  that  the  organic  particulates  contain  both  a 
WR-producing  and  a WR-suppressing  organism.  The  latter 
suppresses  a sand-attached  WR-producing  organism.  In  the 
absence  of  this  suppressing  organism,  the  PT  of  the  iso- 
lated sand  grows  normally  at  100  RH. 

Time-Course  Studies  of  WR  Increase  at  Various  Relative 


Time-course  experiments  were  performed  to  show  WR  in- 
crease at  100  RH  (room  temperaturel  . The  results  for  the 
20/40  and  40/60  sizes  of  L sand  are  shown  in  Pigs.  2 and 
3,  respectively.  The  result  for  the  Hawaii  (H)  material 

At  100  RH  all  the  samples  show  strong  and  essentially 
raonotonic  growth  in  PT  over  the  30  days  of  incubation. 

At  97  RH,  PT  increase  is  quite  restricted  compared  to  that 
at  100  RH.  (This  is  distinct  from  the  result  of  Yuan  and 
Hammond(196a),  where  strong  PT  increase  occurred  above  95  RH). 


3S 


40/60  fcac- 


At  90  RH  growth  in  PT  is  non-existent  in  the 
tions  and  feeble  in  the  20/40  case.  Lower  humidity  trials 
were  not  done  for  the  B sand. 

These  results  also  could  be  attributed  to  microbial 
activity.  The  similar  experiment  of  Roberts  and  Carbon 
C1971)  produced  the  opposite  effect.  It  may  be  that  their 
soil  system  is  dramatically  different  from  those  investi- 
gated here,  or  (which  seems  more  likely)  their  aOC  drying 
step  before  incubation  did  enough  damage  to  the  microbes 
that  no  WR  could  be  produced. 

Figures  2 and  3 also  show  that  PT  grows  somewhat  more 
rapidly  for  the  20/40  material  than  for  the  40/60.  In 
particular,  the  20/40  sand  does  not  show  the  lag  period 
exhibited  by  the  40/60  between  10  and  20  days.  The  reason 
may  be  the  different  carbon  contents  of  the  two  fractions, 
The  20/40  contains  somewhat  more  particulate  organic  matter 
than  does  the  40/60  size  as  shown  by  the  carbon  analysis 
(0.31  C for  the  20/40  fraction  versus  0.1%  C for  the  40/60 
fraction) . That  this  is  indeed  the  source  of  the  more 
robust  growth  of  the  20/40  fraction  is  indicated  by  the 
following  experiment.  Particulate  organic  matter  was 
removed  from  the  20/40  fraction  and  the  material  finer 
than  40  mesh  sieved  out.  The  coarse  organic  material  was 
layered  on  top  of  40/60  sand  in  a IS-cm  Petri  dish  at  a 
1:20  weight  ratio.  The  control  was  the  same  amount  of 
40/60  sand  without  the  organic  matter.  After  10  days 


incubation,  the  organic  matter  was  sieved  away  from  the 
sand  and  the  latter  ohecked  for  PT.  Table  4 shows  the 
results,  which  confirm  that  the  origin  of  the  high  rate 
Of  PT  growth  in  the  20/40  fraction  is  the  greater  amount 
of  organic  matter  present. 

Figures  2 and  3 also  point  out  that  the  PT  of  a sample 
is  independent  of  the  relative  sizes  of  the  individual 
pores  in  the  sand.  The  pore  size  of  the  20/40  material 
must,  on  average,  be  significantly  larger  than  that  of 
the  40/60  material.  One  would  expect  that  PT  would  grow 
more  slowly  in  this  size  fraction  and  probably  not  reach 
the  same  magnitude.  Yet,  at  the  end  of  a 30-day  Incubation, 
the  PT  is  as  high  for  20/40  as  for  40/60  and  became  so 
more  quickly.  The  ultimate  PT  a sand  might  attain  is 
unknown,  and  this  could  be  higher  for  the  40/60  sand. 
However,  the  greatest  PTs  measured  (about  4600s)  are 
attained  by  both  size  fractions. 

The  Effects  of  Irradiation,  Heat,  and  Antibiotics  on  Time 


Figure  5 shows  the  effects  of  Y-irradiation  (1.7  x 
10°  rads)  and  0OC  dry-heat  treatment  (over  night)  on  the 
1,  material.  Two  r-irradiated  samples  were  used.  One  was 
tested  for  PT  four  times  in  a 30-day  period,  the  oDier  only 
once  at  the  end  of  60  days.  The  v-lrradiated  samples  in- 
creased only  slightly  over  the  two  incubation  periods.  The 
heat-treated  material  showed  less  FT  increase  than  control, 
but  not  nearly  so  much  as  the  y-irradiated  material. 
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The  reatralning  effect  on  PI  increase  of  the  SOC 
treatment  may  explain  the  difference  between  the  results 
of  out  100  RH  incubation  and  those  Of  Roberts  and  Carbon 
(1971).  After  heat-treatment  at  SOC,  their  sands  declined 
in  PT  at  100  RH,  whereas  ours  increased  in  PT,  although  at 
a reduced  rate.  If  the  organisms  on  their  sand  were  more 
sensitive  to  heat  than  ours,  the  heat  treatment  may  have 
destroyed  all  potential  for  PT  growth.  Their  result  at 
100  RH  may  be  an  artifact. 

Figures  6 and  7 show  the  effects  of  various  anti- 
biotics on  the  growth  of  PT  over  30  days.  Chloranphenicaol, 
streptomycin  and  2,4  DNP  were  the  most  effective  agents. 

They  completely  eliminated  PT  growth  for  the  entire  incuba- 
tion period  at  the  50  mg/1  rate.  Since  the  first  two  of 
these  are  generally  believed  to  have  no  effect  on  fungi 
(Pestlca,  1975;  Schlessing  and  Medoff , 1975)  , it  appears 
that  PT  growth  is  dependent  upon  pro)earyotic  activity. 
However,  both  cycloheximide  and  nystatin  are  effective  PT- 
increase  inhibitors.  Nystatin  is  moderately  so  at  50  mg/1. 
Cycloheximide  is  completely  so  at  200  mg/l  and  has  a mod- 
erate effect  at  50  mg/l.  Figures  6 and  7 together  suggest 
that  unrestricted  PT  growth  at  100  RK  is  a result  of  both 
prokaryotic  and  eukaryotic  activity. 

Not  all  the  antibiotics  used  are  reported  in  Figs. 

6 and  7.  Aureomycin  had  no  effect  on  PT  growth.  Mala- 

Is  not  an  antibiotic.  It  was  used  because  it 


it:  adhered  to  the  sand  surface.  As  such  it  gives  some 
evidence  as  to  whether  the  antibiotics  applied  axe  truly 
affecting  the  microbes  or  simply  having  a surface-chemical 
effect.  It  had  no  effect  on  PT  growth.  The  negative 
results  from  aureomycin  and  malachite  green  suggest  that 
the  other  antibiotics  are  acting  biologically. 

Sulfanilimide  and  penicillin  had  only  moderate  effects 
on  PT  increase  and  are  not  included  in  the  figures. 

Dilution  Srperiments  Correlate  Wicroblal  Populations  with 


The  observed  effects  of  certain  antibiotics  on  FT 
increase  suggested  the  need  to  study  population  changes 
of  the  various  microbial  types  with  time.  Dilution  studies 
were  carried  out  for  17  days  at  100  and  90  BH.  The  results 
are  shown  in  Table  S.  Figures  9 and  9 show  the  correlations 
as  plots  of  Crns  and  one-half  of  PT. 

PT  increase  with  time  follows  the  increase  in  actinomy- 
cete  population  most  closely.  The  bacteria  grow  more  in 
numbers  at  lower  humidity.  This  may  indicate  that  they  are 
the  best  competitors  of  the  three  groups  at  90  RH.  It 
strongly  suggests  that  bacteria  and  PT  are  not  related — at 
least  in  a positive  way.  The  fungi  multiply  the  same  amount 
at  both  humidities,  suggesting  that  PT  increase  is  not 
strongly  associated  with  fungal  growth.  Although  PT  is  not 
related  to  fungal  n^mbers,  some  antifungal  agents  have  a 
negative  effect  on  PT  increase  with  time.  They  may  in- 
fluence PT  indirectly  by  providing  vitamins  needed  by  the 


Table  S. 


Numbers  of  colonies  {cru)t  present  on  L sand 
after  various  periods  of  incubation  as  determined 
by  dilution  experiments. 
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prokaryotes  which  affect  W directly.  There  is  evidence 
that  they  play  this  role  elsewhere  in  nature  (Prajner  and 
Schmidt,  1964). 

Scanning  Electron  Microscopy  Confirroe  the  Role  of  Actino- 


Scanning  electron  microscopy  (SEH)  also  indicated  the 
strong  correlation  of  actinonycete  growth  to  increase  in 
PT  at  100  RH. 


The  SEH  revealed  no  organisms  on  the  surface  of 
or  natural  WR  sands.  This  was  also  true  of  incubated 
samples  with  very  high  PTs.  Occasionally  old,  broken 
sporangia  or  hyphae  were  seen  but  even  these  were  rare. 

It  was  concluded  that  sample  handling  might  remove  organ- 
isms from  the  sand  surface  before  gold-coating.  To  avoid 

then  the  whole  assembly  was  incubated  at  100  PH  prior  to 
SEH  observation.  The  results  for  various  times  of  incu- 
bation are  shown  in  Fig.  10, 


The  organisms  shown  were  not  simply  growing  on  the 
collodion  as  a substrate.  Actinonycete  inoculum  placed 
on  collodion-treated  stubs  and  incubated  at  100  RH 
failed  to  grow. 


The  surface  growth  in  Fig.  10  is  dominated  by  fila- 
mentous organisms  with  very  small  diameters  and  tight 


hyphal  coiling  typical  of  actinonyoetes  [Fig.  11) 
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exhibiting  the  tight  coiling  habit 
X 2900. 


similar  stubs  were  tapped  over  water  agar  plates,  a rich 
growth  of  actinomycetes  was  obtained  on  incubating  at 
28C  indicating  that  the  rapidly  proliferating  organisms 
observed  on  L sand  were  indeed  actinomycetes. 


0 Inert  Materials  After  Incubation  a 


Attempts  were  made  to  use  IQO  RH  incubation  to  trans- 
fer HR  from  natural  sand  to  ignited  and  y-irradiated  sand. 
In  part  this  was  done  to  gain  information  concerning  the 
mibility  of  the  HR  material.  Also,  if  transfer  to  ignited 
sand  succeeded,  the  HR  material  would  then  be  present  on 
an  otherwise  chemically  clean  material,  so  that  chemical 
extraction  and  analysis  could  be  performed  without  exces- 
sive interference  from  irrelevant  compounds. 

In  one  case  40-60  size  L soil  was  mixed  with  ignited 
sand  (20/40  size)  and  incubated  for  30  days.  On  sieve- 
separating  the  mixture,  it  was  found  that  the  L material 
had  gained  somewhat  in  FT,  but  that  the  ignited  sand  had 
not  gained  at  all.  In  a similar  experiment,  40/60  L 
material  was  mixed  with  20/40  y-irradiated  L material. 

It  was  hoped  that,  aince  this  sand  was  both  abiotic  and 
closer  to  natural  sand,  it  might  pick  up  any  transferred 
HR  more  readily  than  did  the  ignited  sand.  It  did  not  do 
so,  merely  retaining  the  small  FT  it  began  with.  No 
attempt  to  transfer  HR  succeeded. 
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Inducing  MR  on  Inert  Hatarlala  Through  Microbial  tnoeulatlon 

None  of  the  2S  oxganisme  inoculated  onto  ignited  sand 
at  high  water  contents  11.3  gm  water  to  3 gm  sand)  repro- 
ducibly  produced  WR.  Usually  the  PT  of  the  sand  was  zero. 
Microscopic  investigation  of  the  sand  surface  of  these 
samples  revealed  that  microbial  growth  was  poor  under 
conditions  near  saturation.  This  was  especially  striking 
for  the  filamentous  organisms,  very  few  hyphae  were  found 
after  the  incubations  and  those  that  were  found  were  stunted. 

Our  results  in  these  experiments  are  not  greatly  dif- 
ferent from  those  of  Savage  et  al.  11339a}  . Both  systems 
may  have  suffered  from  being  incubated  at  excessive  mois- 

Better  results  were  obtained  when  organisms  were 
incubated  at  100  RH.  This  was  done  by  placing  sand,  organ- 
isms, and  substrate  in  sterile  bea)cers  and  drying  this 
mixture  in  a laminar  flow  hood-  The  beakers  were  then 
placed  in  sterile  desiccators  at  100  RK. 

A filamentous  organism  was  obtained  by  the  procedure 
of  tapping  a slide  over  a nutrient  agar  dish.  This  organ- 
ism was  placed  at  100  RB  as  described  above  along  with 
several  uninoculated  beakers  containing  only  sand  and 
substrate.  This  was  done  because  preliminary  experiments 
showed  that  spores  would  move  from  inoculated  to  un-inocu- 
lated  material,  often  producing  higher  FTs  in  the  un- inocu- 


lated sand. 


Table  6 shows  the  results  tot  a 2 month  100  RH  incu- 
bation of  this  organism  after  drying  at  lOOC.  (When 
air-dried  or  dried  at  temperatures  up  to  70C,  the  sand 
had  a PT  of  zero.)  As  will  be  seen  below,  natural  WR 
materials  increase  strikingly  in  PT  at  lOOC;  and  it  is 
reasonable  to  speculate  that  what  produces  PT  with  this 
inoculation  is  related  to  the  high  temperature  repeilency 
of  the  natural  system.  Pigs.  12  a and  12  b show  SEHs  of 
the  surfaces  of  the  inoculated  and  un-inoculated  sands 
incubated  at  100  RH.  The  presence  of  spores  is  stri)cingly 
evident,  especially  on  the  un-inoculated  sand.  It  is  not 
known  if  the  spores  themselves  are  the  source  of  the  WR 
of  the  dried  material.  The  photographs  do  not  reveal  the 
presence  of  a coating  on  the  sand  grains. 

The  Hechanism  off  the  Decline  of  HR 

The  WR  state  is  not  a stable  one,  since  it  both  rises 
and  declines.  If  the  rise  of  WR  is  due  to  microorganisms, 
how  then  does  it  decline?  There  appear  to  be  two  mechan- 
isms. The  rapid  and  dramatic  one  is  wetting  of  the  sand. 

There  is,  however,  a second  mechanism  of  WR  decline. 

It  was  observed  that  samples  brought  into  the  laboratory 
from  the  field  gradually  lost  their  repeilency  over  several 
months. 

Table  7 shows  the  WR  decline  of  samples  in  the  labo- 
ratory. Decreases  in  PT  were  usually  not  monotonic — 


Fig.  12.  a)  Non-inoculated  sand  Incubatsd  in  the 
sane  desiccator  as  sand  inoculated  with 
actinooiFcete.  Electron  photo  miorograph 
shows  a large  number  of  spores  on  the 
grain  surface,  x 2B0.  And  b)  spores 
on  inoculated  sand  at  lower  density 
than  on  uninoculated  sand,  x 4000. 


Table  6.  PT  values  of  sands  incubated  at  100  Rfi  with 
inoculated  organism. 


Rep.  no.  PT  (+  inoc.) 


^Differences  significant 


3543  2400 

1200  550® 


102  57 


repellency  occasionally  increased — t 


general  trend 


was  for  PT  to  decrease  with  time. 

Evidence  from  two  types  of  experiments  suggests  that 
this  decline  occurs  via  a non-biological  mechanism. 

In  the  first  type  of  experiment,  homogenized  samples 
of  X,  soil  were  placed  at  hU  values  ranging  from  90  to  0 
using  the  salt  solutions  of  Hinston  and  Bates  (1960). 

One  set  of  samples  was  removed  from  the  desiccators 
after  10  days  while  the  others  were  allowed  to  remain  for 
75  days.  The  results  are  shown  in  Table  8.  The  highest 
rate  of  decline  occurs  at  40-50%  humidity.  But  repellency 
also  declines  quite  dramatically  at  zero  RH.  Since  micro- 
bial activity  is  negligible  at  this  humidity,  it  appears 
that  the  decline  is  not  biological.  This  conclusion  is 
supported  by  a second  type  of  experiment  using  r-irradiated 
material.  In  this  experiment  a sample  of  L material  was 
divided  and  placed  in  septum-sealed  test  tubes,  half  were 
irradiated  <1.5  x 10°  cads)  and  half  were  left  non-irradia- 
ted.  The  irradiated  treatment  lowered  the  initial  PT  of  the 
material  from  683  to  48Ss.  Sterile,  cotton-filled  syringes 
were  inserted  through  the  septa  of  the  remaining  tubes. 

The  tubes  were  then  left  in  the  laboratory  environment  for 
60  days.  Table  8 shows  the  results  for  the  averages  of 
two  runs  of  the  experiment.  The  percent  decrease  of  the 
two  sample  types  is  remar)cably  close.  This  also  suggests 
that  the  decline  in  PT  is  by  a mechanism  that  is  not  bio- 
logical . 


&.  Declines  in  PT  of  L sands  at  various  RK 
for  two  incubation  periods. 


H condition  (%) 


^Difference  from  control  different  at  the  0.1  level. 


Table  9.  Decline  of  r-irradiated  and  non-y-irradiated 
L material  at  laboratory  atmosphere  over  60 


3n-ir radiated 


t decline 


59.7 


Irradiated 


458 


63.3 


The  decline  of  WR  by  this  low  RH  mechanism  is  easily 
reversed  by  placing  the  sample  at  100  Ril. 

Given  that  the  long-term  decline  of  WR  is  non-biologi- 
cal,  we  can  show  that  Wander's  mechanism  (1949)  for  WR  is 
not  operating  here.  If  it  were,  then  Ca-stearate  treated 
ignited  sand  should  decline  as  does  the  natural  material. 

In  fact  it  does  not.  After  150  days,  samples  with  initial 
PTs  3600s  retained  those  PTs. 

The  low  humidity  decline  is  also  evidence  against  the 
view  of  Roberts  and  Carbon  (1971)  that  is  due  to  the 
stable  humic  acid  fraction  of  the  soil.  In  our  materials 
it  is  clear  that  WR  is  not  stable  even  at  low  humidities. 
Its  relation  to  the  stable  fraction  must,  at  most,  be 
indirect. 

Finally,  our  laboratory  results  are  in  agreement  with 
the  field  observations  of  Holshey  (1969)  which  indicated 
that  southern  California  sands  declined  mar)tedly  in  HR 
after  long  periods  of  desiccation. 

The  Loss  of  WR  on  Wetting  and  its  Regeneration  on  Drying 

The  foregoing  data  show  that  PT  increases  by  biolo- 
gical means  at  100  RH-  This  result  is  the  opposite  of 
that  obtained  by  Roberts  and  Carbon  (1971).  However,  the 
fact  that  they  pre-dried  their  samplee  at  BOC  may  have 
adversely  affected  the  microflora  and  created  a situation 
in  which  lOQ  RH  conditions  merely  wetted  the  sand,  giving 
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low  PT3,  rather  than  stimulated  the  microbes  to  produce 
HR.  Our  100  RH  tima-courae  experiments  (Fig.  41  showed 
that  the  80C  treatment  did  not  eliminate  or  reverae  PT 
growth,  but  severely  attenuated  it. 

In  their  other  experiment,  Roberts  and  Carbon  (1971) 
pre-wetted  high  PT  (GOOa)  sant  to  a It  water  content  and 
then  put  it  in  a desiccator  at  90  RH.  Some  PT  came  back 
in  a couple  of  weeks,  as  their  data  show  (p.  15) . Roberts 
and  Carbon  believe  that  this  is  due  to  drying  of  the  HR 
coating. 
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: using  two  sands  of  initially 
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ire  then  put  at  90  RH  for  14  days, 
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less  in  PT.  Table  9 also  shows  that  the  very  low  PTi„itjgi 

sample  gained  about  as  much  PT  as  did  the  high 

one.  If  the  coat  theory  is  valid,  the  differences  in  PTs 


explained  as  differences 


of  drv  materials  are 
amount  of  coating  on  the  grains  of  the  two  samples. 

But  then  why  does  the  low  material  gain  almost 

as  much  PT  under  the  treatment  as  does  the  high 
material?  The  experiment  indicates  that  what  happens  is 
not  so  much  the  drying  of  an  existing  coat  as  the  genera- 
tion ^ novo  of  the  PT.  This  happens  because,  when  dried 
at  90  Rli,  the  vet  saiiiple  necessarily  passes  through  a 
period  when  it  is  near  100  RH.  During  this  period  micro- 
bial activity  is  high  and  reinducea  some  little  PT  before 
the  sand  dried  further.  When  water  contents  at  the  Band 
surfaces  drop  well  below  100  RH,  activity  is  low  and  no 
further  PT  is  induced. 

The  regeneration  of  WR  at  90  RH  appears  to  be  a 
biological  rather  than  a physical  process. 

Volatile  Compounds  are  Involved  in  WR  Ceneration  at  100  RH 

Experiments  were  performed  to  determine  if  volatile 
materials,  produced  during  microbial  proliferation,  are 
involved  in  WR  increase. 

The  initial  experiments  were  parallel  to  the  pre- 
viously described  attempts  to  transfer  WR  from  high  PT 
sands  to  ignited  and  y-irradiated  sands.  In  these  latter 
experiments  the  WR  and  NWR  materials  were  separated  so 
that  only  vapors  from  the  WR  sand  would  contact  the  ig- 
nited or  irradiated  grain.  Five  grams  of  each  sand  were 


placed  between  two  sterile  fiber  filters,  which  passed 
air  and  water  vapor,  but  not  spores.  Below  this  were 
placed  IS  gm  of  L sand  in  a large  Petri  dish.  This 
assemblage  was  incubates  for  4S  days,  tio  increase  in  PT 
of  the  "target"  sands  was  observed.  Thus,  the  normal  L 
sand  had  little  effect  on  the  irradiated  or  ignited  sands 
More  indirect  experiments  indicate  the  involvement 
of  some  type  of  volatile  agent.  In  one  experiment,  the 
effect  on  various  packing  densities  of  sand  grains  on  the 
growth  of  PT  at  room  temperature  and  100  RH  was  studied. 
Five  grams  of  40/60  L sand  were  placed  in  each  of  the 
following  vessels: 

Veseel  Inside  diam.  (cm) 

large  Petri  dish  14.6 

medium  Petri  dish  9.6 


30  ml  beaker  3.2 

10  ml  beaker  2.1 

The  varioue  dishes  form  a sequence  of  increased  packing 
of  sand  grains  as  the  diameter  decreases.  In  the  large 
Petri  dish  there  is  virtually  no  grain-to-grain  contact! 
in  the  beakers,  almost  all  grains  are  surrounded  by 
others.  So,  if  a volatile  is  involved  it  is  expected 
that  the  more  densely  packed  material  in  the  small  con- 
tainers would  grow  more  quickly  in  PT  because  a volatile 
escaping  from  one  grain  would  be  more  likely  to  adhere  to 


another  (or  Itself]  rather  than  escape.  The  results  for 
three  runs  of  the  experijnent  are  shown  in  Table  11.  At 
the  extremes  of  packing  density,  the  increase  of  PT  is 
higher  for  all  three  replicates  having  the  denser  packing. 
A volatile  compcund  seems  to  be  involved.  If  a volatile 
organic  is  involved  in  NR  increase,  it  could  be  adsorbed 
on  activated  charooal.  A sample  created  with  charcoal 
should  increase  more  slowly  in  PT  than  one  which  is  not. 

Activated  charcoal  (AC)  (Fisher  Co.,  no.  5690A)  was 
sieved  to  obtain  the  40/60  site  fraction.  This  was  mixed 
with  10  g of  20/40  size  L sand  in  a 1:20  ratio.  The 
control  was  an  L sand  without  AC. 

Table  12  shows  that  AC  has  consistently  reduced  the 
PT  increase  of  the  treated  sand.  This  also  indicates  that 
a volatile  in  involved  in  NR  growth. 

The  apparatus  for  a third  experiment  is  shown  in 
Pig.  13.  It  was  designed  so  that  air  at  100  RH  could  be 
forced  past  a sample  of  20/40  L sand.  The  control  was 
the  same  apparatus  without  the  air-flow  system  (i.e. , 
the  L material  remained  in  stagnant  air]  . if  a volatile 
is  involved  then,  to  some  extent,  it  is  removed  from 
the  system  by  the  air-flow.  The  system  with  the  air- 
flow should  give  PTs  less  than  those  of  the  stagnant 
air  system.  Table  13  shows  the  results.  In  three  of  the 
five  replicatione , the  eystem  behaved  as  expected  and  the 
control  had  a higher  PT 


after  10  days  than 


Table 


C activated  charcoal  treatnient  o 
on  incubation  at  100  Rb  and  roo 
temperature  for  10  days. 
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Table  13.  Effect  of  airflow  on  PT  increase  on  incubation 
at  100  RE  and  room  temperature  for  10  days. 
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flow  system.  However,  in  two  cases  neither  the  air-flow 
nor  the  control  showed  any  significant  ?T  growth  in  the 
10  days.  This  phenomenoh  is  unexplained. 

A number  of  organisms  isolated  from  the  L sand  produce 
noticeable  odors  on  incubation  at  29C.  These  odors  can 
all  be  roughly  described  as  geosmin-like.  Plates  of  these 
organisms  were  placed  in  desiccators  with  L sand  to  see  if 
the  volatiles  had  any  effect  on  FT  growth.  Control  was 
an  L sand  with  no  plates  of  organisms.  No  effect  was 
observed  on  FT  growth  over  10  days  incubation. 

The  weight  of  evidence  indicates  that  volatile  com- 
pounds contribute  to  WK  growth,  as  suggested  by  the  grain- 
density  and  AC  experiments.  Whether  the  volatiles  directly 
coat  the  grains  or  indirectly  stimulate  WR  growth  is  not 


Eustis  (S)  Sand  Suppresses  WP  Increase  in  L Sand.  This 


The  following  series  of  experinents  indicates  that 
a volatile  material  is  involved  in  the  suppression  of  WH 
development  in  Eustis  sand. 

In  the  initial  experiment,  £ sand  of  40/60  size  was 
mixed  with  L sand  of  20/40  size.  The  two  sands  were  then 
incubated  together  for  10  days  at  100  RH  and  room  tempera- 
ture. At  the  end  of  the  period,  the  two  sands  were  sieve- 
separated.  The  results  of  this  experiment  and  its  repli- 
cates are  shown  in  Table  14.  The  last  column  of  the 


PTS  Of  L (30/40)  and  e (40/60)  sands  sieve 
separated  after  incubation  as  a mixture 
(10  days,  100  HH,  room  temperature);  PT  of 
control  incubated  separately;  PT  of  L (20/40) 
incubated  independently  after  separation 
from  B (40/60) . 


; (40/60)  L (20/40)  Control  (L)  L (sep’d) 


Effect  of  sterile  B (40/60)  sand  on  PT  in- 
crease in  L (20/40)  sand  on  incubation  as  a 
mixture  (10  days,  100  RH,  room  temperature) 
followed  by  sieve  separation. 


table  shows  how  the  separated  L sand  behaved  on  ineiibation 
by  itself.  The  table  indicates  that  the  Eustis  sand  not 
only  failed  to  grow  in  PT,  but  suppressed  the  PT  growth 
of  the  I.  material.  This  effect  is  transitory  because, 
once  the  £ sand  was  separated,  the  L sand  grew  in  PT  at 
a normal  rate. 

If  the  foregoing  effect  is  biological  then  the  experi- 
ment, repeated  using  sterile  & sand,  should  show  no  repres- 
s experiment  was  L sand  plus 
ows  that  the  L material  mixed 


E and  I,  sands  w 


t of  t 


s incubated  i 


Sion.  The  control  for  tti 
ignited  sand.  Table  14  shows 
with  sterile  E sand  grew  in  P 
L sand  mixed  with  ignited  san 
In  the  next  experiment, 
ated  from  each  other  so  that 
the  presence  of  whatever  volatiles  emanated  from  the  E sand 
but  had  no  direct  contact  with  it.  The  system  is  shown 
in  Fig.  14.  The  control  was  the  same  system  with  ignited 
sand  replacing  the  E.  The  results  are  shown  in  Table  16. 
The  PT  increase  of  L sand  was  restrained  compared  to 
control,  hut  not  so  dramatically  as  when  there  was  intimate 
contact  between  the  sand  grains. 

A transfer  experiment  was  performed  with  the  Eustis 
eand  to  isolate  organisms  proliferating  at  100  RH.  The 
E sand  was  incubated  10  days  before  the  slide  was  tapped 
over  the  agar  plates.  Five  apparently  different  organisms 
were  isolated  in  this  way--two  filamentous  and  three  non- 
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1.  Plexiglas  cylinder  with  nylon  floor  and  20  gm 
E or  ignited  sand 

2.  Stainless  screen 

4.  Small  Plexiglas  cylinder  with  nylon  floor  con- 
taining 4 gm  L 20/40  sand 


Fig.  14.  System  for  maintaining  L sand  at  100  EE 
in  an  atmosphere  established  by  E sand. 


Suppression  of  PT  increase  of  L sand  by 


separated  E sand  o 
rooiQ  temperature  f 

Rep.  no.  '"^inif® 

E L Control 

1 0 10 

0 102  172 

130 


filajuentous.  Table  17  shows  that  the  pure  cultures  on 
TSB  agar  do  suppress  PT  increase  when  closed  plates  are 
incubated  at  100  RH  with  sand;  the  non-filaraentous  ones 
are  more  active  than  are  the  filainentoua  ones.  The  non- 
filamentous  organisms  were  then  grown  on  defined  medium 
and  the  suppression  experiment  repeated.  The  effects  of 


The  success  of  individual  non-filamentous  organisms, 
m on  defined  medium,  to  suppress  HR  increase  Indicates 
t suppression  occurs  due  to  a volatile  metabolic  product 
the  organisms. 


The  Water-Repellent  Coating 

When  low  HR  and  naturally  high  HR  L sand  were 
compared  under  the  electron  microscope,  no  significant 
differences  were  fcund.  There  wes  no  evidence  of  a coating 
on  the  grains  of  the  highly  HR  material  at  any  magnifica- 
tion. when  the  PT  of  L sand  was  raised  to  very  high 
(4800s)  levels  at  100  RH.  again  no  evidence  of  a coating 
was  found.  Figure  ISaandb  show  electron  micrographs, 
at  the  same  magnifications,  of  a low  and  very  high  PT  L 


Objections  may  be  raised  to  these  negative  results. 
It  may  be  that  the  gold-coating  treatment  for  the  S£M 
destroys  the  organic  layer  before  the  sample  is  viewed. 


coating 
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172  104  191 


Table  16.  Soppreaaion  of  PT  growth 
nediim  plates  of  non>file 


by  defined 
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Fig.  IS.  a)  Scanning  electron  micrograph  of 

L sand  sample  incubated  eeveral  months 
at  100  SH.  room  temperature.  FT  was 
approximately  4B00a.  No  coating  ie 
evident  on  the  grain,  x 1200. 
b)  . Scanning  electron  micrograph  of 
L sand  with  low  FT  from  laboratory. 

The  surface  is  indistinguishable 
from  that  of  the  high  FT  material 
(a).  X 1200. 


SEM.  The  former  ie  poeeible/  but  unlikely,  because  gold- 
coated  samples  routinely  reveal  extremely  fine  biological 
features.  The  latter  objection  may  be  valid.  It  should 
be  noted,  however,  that  if  the  coating  is  this  thin,  it 
is  dramatically  different  from  the  comparatively  thick 
organic  layers  which  Roberta  and  carbon  (1972)  and  Wilkin- 
son and  Hiller  (1979)  claim  to  see  in  their  studies. 

Roberts  and  Carbon  (1972)  were  able  to  observe  their 
coating  under  light  microscopy  w)\en  a drop  of  water  was 
placed  on  the  grain.  As  the  drop  penetrated  the  coating, 
a noticeable  wrinkling  of  the  coating  material  was  ob- 
served, In  a similar  experiment,  small  drops  of  water 
were  placed  on  individual  grains.  This  was  done  by  means 
of  a 100  vil  pipette  drawn  out  over  a flame  and  attac)xed 
to  a fine  capillary.  Water  was  drawn  into  and  expelled 
from  the  pipette  by  mouth.  By  this  method  a drop  very 
much  smaller  than  the  diameter  of  the  sand  grains  was 
created. 

No  effect  was  produced  on  the  grain  surface  t)iat 
could  not  be  ascribed  to  the  optical  distortions  caused 
by  evapcraCion  of  the  drops.  The  drops  evaporated  rapidly 
under  the  microscope.  Once  the  drop  had  evaporated,  the 
grain  surface  appeared  to  be  unchanged. 


material  was  lightly  crushed  in  a mortar  and  sieved  so 
that  the  40/60  material  was  retained,  while  this  material 
was  initially  very  low  in  WR,  some  of  the  HR  did  return 
on  incubation  at  100  RH.  However,  the  final  PT  was  well 


below  that  of  the  original  10/40  material  and  that  of 
natural  40/60  which  had  been  raised  in  PT  at  100  HH.  An 
interpretation  is  that,  while  the  original  weathered  sur- 
faces of  the  cracked  material  gain  in  WR,  the  fresh  sur- 


faces exposed  by  the  cracking  do  not.  (That  is,  they  seem 
to  gain  no  coating.)  It  should  be  possible  Co  see  Che 
edge  where  the  old  HR  surface  meets  the  KHR  new  one,  and 
to  see  indications  of  the  coating  at  this  edge. 

Figure  16  shows  the  edge  between  an  old  and  a fresh 
surface  after  incubation.  No  coating  is  visible  at  the 


Etching  Che  silica  surface  with  HP  vapor  was  also 
attempted.  The  idea  was  to  find  via  SEM  where  etching 
had  failed  to  occur  because  of  an  organic  coating.  L grains 
of  20/40  size  were  placed  in  small  plastic  caps.  These 
were  then  placed  in  plastic  Petri  dishes  containing  several 
drops  of  HF.  Bach  Petri  dish  was  closed  and  kept  in  a 
fume  hood  until  removed  for  inspection.  On  removal,  the 
grains  were  rinsed  with  954  ethanol  and  placed  on  SEM 
stubs.  Samples  were  allowed  to  remain  in  the  HF  atmos- 


phere for  12,  24,  4B,  and  72  hours.  The  46  and  72  hour 
materials  were  almost  completely  dissolved  by  tbe  HP  vapor. 


Pig. 


16. 


The  line  between  a freshly  broken  sand 
face  (below)  and  the  original  weathered 

grain.  xllOO. 


actually  rinsed 


BO  only  the  12  and  24  hour  materials  were 
and  mounted.  Figure  17  shows  the  etching  pattern  ob- 
tained in  this  way.  although  the  pattern  is  not  uniform 
over  the  surface  of  the  grains,  no  pattern  was  found  which 
could  not  be  ascribed  to  the  effects  of  crystalline  dif- 
ferences rather  than  to  a coating  on  the  grain. 

Fluorescence  microscopy  was  also  used.  A laser  ex- 
citing beam  was  directed  at  a particular  location  on  a 
grain  as  determined  by  a microscope  coordinated  with  the 
beam.  Grains  of  L sand  were  excited  at  434  nm  and  read 
at  536  nm.  The  obvious  spots  of  organic  matter  on  the 
grain  surface  fluoresced  very  strongly.  Vary  fine 
hyphae  also  gave  distinct  peaks.  The  bulk  of  the  grain 
surface,  however,  caused  no  fluorescence.  If  there  were 
a coating  of  significant  thickness  over  the  grain,  one 
would  expect  that  some  of  its  component  compounds  would 
fluoresce.  This  experiment  also  indicates  the  great  thin- 
ness or  non-existence  of  a coating  over  the  majority  of 
the  grain  surface. 

A second  experiment  subjected  L grains  to  ordinary 
fluorescence  microscopy.  In  thise  photographs  (Pig.  16) 
the  fluorescing  areas  appear  white,  while  the  non-fluores- 
cing areas  are  green.  Host  of  the  surface  fails  to  fluor- 
esce, the  white  color  is  confined  to  small  areas  on  the 
surface.  There  appeared  to  be  no  difference  between  the 
fluorescence  micrographs  of  high  WR  and  low  WB 


surfaces. 


Fig. 


a)  Scanning  electron  micrograph  of 

L aand  grain  etched  with  RF  vapor  for 
12  hours.  X 40S. 

b)  Scanning  electron  micrograph  of 
the  aaine  L aand  grain  at  higher  magni-* 
fication.  x 750. 


a)  Fluorescence  micrograph  of 
highly  WR  t sand  grains.  White  areas 
are  particulate  organic  materials, 
which  fluoresce,  x dO. 

b)  Fluorescence  micrograph  of  low 


% . . 


A number  of  stains  were  used  to  try  to  make  visible 
any  "coating."  only  malachite  green  and  Conga  red  gave 
positive  results.  But  these  stained  only  in  the  immediate 
neighborhood  of  the  distinct  organic  spots  on  the  surface. 
The  stains  did  not  distinguish  between  NWR  and  highly  WR 

None  of  the  foregoing  experiments  expressly  denies 
the  existence  of  a coating  over  most  of  the  sand  grain  of 
WR  material.  It  only  indicates  that,  if  it  exists,  it 
must  be  rather  thin  and  chemically  unresponsive.  A 
different  type  of  experiment  suggests  there  may  be  a coat. 

This  really  consists  of  two  experiments.  In  the 
first,  plain  glass  beads  (70  plus  140  mesh  diam. , Cataphote 
Crop.)  were  mixed  in  various  percentages  with  beads  of  the 
earns  size  which  were  silicone  coated  and  extremely  WR. 

The  various  mixtures  were  tested  for  PT.  The  results  are 
shown  in  Fig.  IB.  Little  PT  is  observed  until  the  percent 
coverage  reaches  301  and  high  WR  is  achieved  only  above 
sot  covered  beads.  This  means  that  the  total  surface  the 
water  drop  "sees"  in  penetrating  the  surface  is,  on  average, 
60%  con^letely  WR  in  the  high  FT  case.  So,  of  the  total 
surface  "seen,"  a quite  large  proportion  Is  covered. 

A similar  experiment  was  run  with  naturally  WR  mat- 
erial (also  Fig.  19) . Here  highly  WR  L sand  was  mixed 
with  NWR  L that  had  been  extracted  with  NaOH  to  remove  its 
WR.  The  PT  versus  percentage-coated-material  curve  ie 


a? 


Pig.  19.  FT  versus  percent  coated  beads  and  PT  versus 
percent  WR  L sand. 


strikingly  similar  in  shape  to  that  obtained  with  the  arti- 
ficial material.  This  Is  consistent  with  the  idea  that  the 
mechanisms  of  resistance  to  penetration  are  similar  in  the 
two  cases.  The  difference  in  the  points  where  PT  begins  to 
appear  along  the  "percent-coated-material"  line  can  be  ex- 
plained simply  by  the  fact  that  the  naturally  WH  material  is 
not  completely  covered  as  is  the  artificial  material. 

It  is  tempting  to  inter  that  the  oases  are  quite 
cimilar  and  that  the  natural  material  is  coated  much  like 
the  artificial  material.  But  we  know  nothing  which  says 
that  this  form  of  PT  curve  can  only  be  obtained  as  a 
function  of  total  percent  coverage  of  the  grains.  It  is 
entirely  possible,  for  example,  that  the  WR  of  the  netural 
material  is  a result  of  rather  isolated  resistant  spots, 
which,  nevertheless,  give  a curve  like  Pig.  19  when  such 
gralna  are  mixed  with  various  percentages  of  VWR  grains. 


er-Repellent  Material 


Almost  all  of  the  work  reported  in  th 
performed  using  the  Lake  Worth  material, 
other  soils  were  used  for  comparison. 


Some  Basic  Properties  of  the  L Material 

X-ray  diffraction  spectra  were  obtained  for  the  solid 
material  removed  from  the  L sand  surface  by  strong  agita- 
tion. The  identifiable  materials  were  kaolinlte,  quartz, 
and  amorphous  materials. 


various  pH  values  and  drying  at  TOC. 


high  pR  extraction  would 


doubtful.  Evidence 


the  WR  material  is  in  fact  especially  subject  to  high  pH 
extraction  will  be  adduced  in  a later  experiment. 

The  anomaly  in  the  curve  of  Fig.  20  is  the  increase 
in  PT  on  low  pH  extraction  and  drying.  It  is  not  possible 
to  point  to  a single  physical  basis  for  this  effect.  If 

attached  to  the  grain  surface  by  hydrogen  bonding,  then 
an  addition  of  protons  may  act  by  increasing  the  degree 
of  hydrogen  bonding.  On  the  other  hand,  the  acid  may 
simply  act  to  hydrolyze  the  organic  material  on  the  sand 
surface,  which  is  then  re-precipitated  as  a WR  coat  on 
drying.  The  5EH  revealed  that  the  sand  surface  of  the 
acid-extracted  material  was  not  substantially  different 
from  that  of  the  original  material. 

Although  it  is  not  possible  to  specify  a particular 
mechanism  for  the  result,  it  is  useful  to  know  that  WR  is 
not  destroyed,  but  enhanced  by  acid  treatment. 

Above  pH  » 3 the  PTe  decline  with  extraction  and 
drying.  Until  the  initial  extractant  pR  reaches  about  11. 
no  color  is  seen  in  the  effluent.  At  pH  - 11  and  above, 
one  sees  an  increasingly  dark  humate  color.  This  leads 
one  to  wonder  if  the  WR  material  is  actually  being  extracts 
at  pHs  near  neutrality,  or  whether  the  solvent  is  siicply 
hydrating  the  material. 


Direct  chemical  evidence  on  this  point  is  equivocal. 
An  BPLC  scan  of  the  pH  » 7 extractate  which  had  been 
preconcentrated  times  10,  failed  to  show  any  peaks  at 
254  nm.  This  indicates  that  there  is  less  0.1  ppm  of 
254  nm-sensitlve  material  in  the  extractate.  There  may, 
of  course,  be  other  254-insensitive  organic  compounds  in 
the  extractate,  but  this  surprisingly  low  figure  is  con- 
sistent with  the  belief  the  WR  material  is  not  being  re- 
soluble carbon  assays  were  done  using  three  types  of 
sarnie;  L sand  directly  from  the  field,  of  moderate  PTj 
high  PT  material  created  at  100  RH  in  the  L aandj  and  an 
L material  whose  PTs  had  declined* in  the  laboratory. 

Three  reolicates  were  done  on  three  samples  of  each  type. 
Table  19  shows  that  more  material  was  consistently  ex- 
tracted from  the  low  WR  sand,  but  the  assay  does  not  re- 
veal anything  remarkable  about  the  high  WR  material. 

Indirect  evidence  does,  however,  suggest  that  the 
WR  material  is  not  being  removed  in  a neutral  extraction. 
A number  of  WR  materials,  including  the  L,  were  placed  in 
the  caps  of  1/4  ounce  vials.  To  the  surfaces  of  these 
sands  one  0.04  ml  drop  of  neutral  water  was  applied.  As 
Table  18  shows,  this  single  drop  had  a powerful  reducing 
effect  upon  the  PT  when  the  affected  sand  was  dried  at 
70C.  On  the  other  hand,  when  these  sands  were  extracted 
with  water  at  a 10/1  rate,  the  effect  was  no  greater. 
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Table  19.  Soluble  carbon  contents  of  neutral  water 


Sample  ^^initial  ^ 

high  WK  1200 

(100  RH) 

(lab.  decline) 


C contentT 


fThe  number  reported  here  le  an  average  of  three 
replications. 

^Difference  significant  at  the  0.1  level. 


94 

after  drying,  than  that  of  a single  drop.  This  suggests 
that  the  latter  method  did  not  actually  remove  the  WR 
material!  in  this  pH  area  the  water  serves  only  to  hydrate 
the  WR  material  (see  Table  2D), 

The  results  from  extraction  with  water  at  near  neu- 
trality indicate  that  once  a WR  field  soil  is  wetted,  it 
loses  its  repelleney.  Water-repelleney  worhers  have  held 
long-term  drying  may  serve  to  re-induce  WR  after  it  is 
lost.  The  view  is  explicit  in  Roberts  and  Carbon  (1971) 
who  refer  to  WR  being  due  to  dehydration  of  organic  s)tina 
over  the  hot  summer.  Similar  views  are  expressed  less 
clearly  by  WiDcinson  and  Hiller  (1978). 

Our  results  do  not  support  this  view.  We  first  dried 
a number  of  low  HR  sands,  which  were  not  pre-wetted,  at 
40  and  60C  for  7 days.  Figure  23  shows  that  virtually  no 
increase  in  WR  occurred  over  the  period.  Since  the  latter 
temperatures  are  well  above  those  in  the  field,  it  does 
not  appear  that  WR  is  restored  by  drying. 

L sand  which  had  an  initial  average  PT  of  94s  was 
wetted  to  the  1»  moisture  level.  At  1,  5,  14,  and  30  days 
drying  at  70c,  the  FTs  were:  4,  6,  7,  and  5 seconds, 

respectively.  H material  of  300s  initial  PT,  treated  in 
the  same  way,  had  final  PTs  of  11,  IS,  and  10s,  respec- 
tively. Simple  drying  does  not  significantly  raise  PT. 

On  the  other  hand,  if  a water-extracted  L sample  is 


original  repelleney 


single  drops  of 


Table  20.  Decrease  in  PTs  due  to 


(single  drop) 


^Difference  significant 


.1  level. 


ia  obtainefl.  Thia  further  supports  the  idea  that  the  MR 
oaterial  is  not  removed  on  extraction  at  neutrality,  but 
that  the  grains  are  hydrated.  Tenperaturea  up  to  70C  are 
not  sufficient  to  dehydrate  them  to  regenerate  MR,  but 
lOOC  ia  sufficient. 

The  large  increase  in  MR  on  drying  at  lOOC  ia  general 
for  all  L samples  whether  natural  (unchanged  from  their 
field  condition)  extracted  at  neutrality,  or  ones  whose 
repellency  has  declined  in  the  laboratory. 

The  resilience  of  this  high-temperature  form  of  re- 
pellency is  shown  by  the  data  in  Table  21,  which  shows 
the  effects  of  various  drying  temperatures  upon  L material 
extracted  at  various  pHs  and  followed  by  a neutral  wash 
of  equal  vol%ime. 

The  heating  was  done  in  a calibrated  furnace.  In  all 
cases  the  MR  goes  to  zero  between  225  and  2SflC.  Thus, 
whatever  the  chemistry  of  extraction  may  be,  thia  ultimate 
transition  remains  constant.  It  is  not  until  after  the 
pR  - 13  extraction  that  high  temperature  fails  to  regenerate 
repellency.  Even  at  the  relatively  low  drying  temperature 
of  lOOC,  significant  repellency  is  retained  after  extrac- 
tion at  pH  = 12.  That  MB  decreases  somewhat  eupporta  the 
idea  that  the  material  is  a weak  acid. 

One  would  like  to  )cnow  why,  in  the  cases  of  the 
pH  » 10  and  12  extractions,  one  loses  significant  repel- 
lancy  on  lOOC  drying  but  not  on  225C  drying.  Perhaps 
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new  WS  material  is  being  created  at  this  temperature. 
IB  this  situation  parallel  to  fire-induced  repellency? 


the  Hander  (1949)  mechanism, 
extraction  of  calcium  stears 
no  ill-effect  upon  the  PT. 


provide  evidence  against 
It  was  found  that  basic 


coated  sand  grains  had 


one-molar  NaOH  at  a 10:1  volume  to  weight-of-sand  ratio. 

In  the  case  of  the  L sand,  all  repellency  had  vanished 
at  all  temperatures  with  a pB  = 13  extraction. 

The  precipitous  decline  of  all  PT  to  zero  on  250c 
drying  in  Table  19,  led  to  the  following  experiments. 

I material  was  dried  in  a calibrated  furnace,  again  for 
4 hours.  The  curve  in  Fig.  22  shows  that  little  happened 
until  90C,  at  which  temperature  there  was  a slight  in- 
crease in  PT.  At  lOOC  this  increased  to  >1200s.  The  PT 
remained  above  1200s  until  250C,  where  it  dropped  to 
sero.  The  increase  near  lOOC  suggests  a drying  phenomenon. 
The  precipitous  drop  at  250C  indicates  that  the  organic 
basis  for  hr  is  changing  in  some  dramatic  way. 

TO  test  the  latter  idea,  samples  of  40/60  L material 
which  had  been  pre-treated  at  various  temperatures  were 
scanned  from  zero  to  SOOC  on  a differential  scanning  calor- 


imeter (DSC).  Figure  23  shows  the  results.  Until  the 
250C  pre-treatment  is  reached,  the  oxidation  patterns  of 


different  from 
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another.  This  shows  that  the  oxidizeahle  organics  are 
not  changing  greatly  with  tenperatura  of  pre-treatment. 
This  is  consistent  with  the  rise  in  PT  at  near  lOOC  being 
due  to  dehydration^  not  a change  in  the  structure  of  the 
organic  matter  on  the  sand.  After  the  250C  pre-treatment, 
the  oxidation  pattern  changes  dramatically.  The  oxidaticn 
peaks  become  much  less  sysinetrical  and  are  shifted  to  the 


The  DSC  patterns  do  not  indicate  that  a great  amount 
of  organic  material  is  lost  from  the  sand  in  the  2S0C 

much  less  than  under  the  others.  This  is  consistent  with 
the  fact  that  the  sand  after  the  250C  pre-treatment  is 
still  gray  in  color,  not  white,  as  is  the  sample  after 
oxidation  at  500C  in  the  calorimeter.  What  la  different 
is  the  pattern  of  oxidation,  indicating  that  the  250C  pre- 
treatment  has  caused  a profound  change  in  the  molecular 
organisation  of  the  surface  organics. 


Extractions  with  Organic  Solvents 

The  L material  was  extracted  with  several  organic 
solvents  in  the  sane  manner  as  water  extractions.  The 
solvents  were  dried  over  zeolites  prior  to  use. 

The  ethanol  result  (Table  22>  is  interesting  because 
its  most  likely  effect  is  that  of  drying  the  sand  surface. 
Thus,  it  acts  like  lOOC  drying,  hut  less  dramatically. 
Hexanes  have  a similar  effect  for  unknown  reasons. 
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The  more  polar  solvents  shown  In  Table  22  have  the 
opposite  effect.  Like  water,  they  reduoe  repellency. 

The  methanol  extraction  gives  us  yet  another  chance  to 
test  the  wander  hypothesis  that  methanol  soluble  Ca 
and  Mg  salts  are  responsible  for  ws.  Wander  claimed  that 
a spot  test  on  the  methanol  extract  gave  a strong  Ca 
spot  test.  If  this  were  the  case  in  the  L material,  modem 
atomic  absorption  analysis  should  give  a very  strong 
reading  tor  this  ion.  In  fact,  it  showed  our  extract 
contained  only  60  and  10  ppb  of  Ca  and  45  and  42  ppb  of 
Mg  for  two  repititions  of  the  extraction.  Again,  the 
conditions  for  Wander-type  repellency  are  not  met  by  our 
samples . 

In  a final  experiment  the  methanol  extracts  from 
20  gm  L materials  were  re-applied  to  3 gm  of  ignited 
sand.  When  the  methanol  had  evaporated,  the  samples  were 
dried  at  70  and  IQQC  and  tested  for  FT.  Hone  was  found. 

He  conclude  that  while  methanol  certainly  reduces  PTs, 
whatever  dissolves  in  it  does  not  re-induce  the  phenomenon. 


CONCLUSIONS 


The  Occurrence  of  water-Repellencv  Under  Field  conditions 

The  results  from  the  100  EUi  experiments  confirm  that 
HN  develops  in  the  drying  period  following  wetting  (Bond, 
1969:  Holshey,  1969).  When  a sand  is  wetted  and  then 
begins  to  dry,  it  is  temporarily  very  near  100  RH.  This 
is  the  optimum  humidity  for  WR  development.  The  results 
also  support  the  contention  that  when  a sand  is  wetted 
it  is  NWR  (Jamison,  194S;  Roberts  and  Carbon,  1971;  Wil- 
kinson and  Miller,  1978).  They  further  confirm  the  view 
of  Holthey  (1969)  that,  during  long  periods  of  desicca- 
tion, WR  declines  rather  than  Increases.  The  opposing 
view  is  held  by  Roberts  and  Carbon  (1971). 

A model  tor  the  variation  of  WB  may  be  written  as 
follows.  Assume  that  we  start  with  a previously  WR  sand 
which  is  thoroughly  wet.  It  is  NWR  and  remains  so  until 
the  soil  moisture  declines  to  100  RH.  When  this  condition 
is  reached,  WR  begins  to  develop  due  to  microbial  activity. 
The  time-course  experiments  indicate  that  WR  will  grow  so 
long  as  the  soil  is  at  about  100  RH.  As  soil  moisture 
continues  to  decline,  WR  increase  eventually  stops.  This 
occurs  around  97%  RH. 

If  soil  moisture  remains  low  for  long  periods  of  time, 
the  degree  of  repellency  will  gradually  decline  via  a 
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non-biological  nechaniBm.  Likewise,  if  a rain  falls  which 
is  sufficient  to  wet  the  WR  areas,  the  WR  will  iraraedlately 
disappear.  The  results  indicate  that  at  temperatures 
attainable  in  the  field,  WR  does  not  return  by  simple 
drying,  but  only  on  the  reattainment  of  the  100  RH  condi- 

This  model  for  WR  development  may  not  be  universal. 

In  particular,  the  situation  as  described  by  Roberts  and 
Carbon  (1971,  1972}  nay  well  occur  in  some  places.  Bow- 
ever,  the  fact  that  all  of  the  diverse  WR  materials  tested 
here  increased  greatly  in  repellency  at  100  RH  and  lost 
their  repellency  both  on  wetting  and  on  long  standing  at 

spread.  That  HR  produced  at  100  RH  in  the  laboratory 
declined  in  repellency  in  the  same  ways  as  did  the  natural 
samples,  further  supports  the  conclusion  that  this  mech- 
anism is  of  major  importance. 

The  Hicrobiology  of  Hater-Repellency 

The  organisms  which  correlate  best  with  HR  increase 
are  the  actinomycetes.  This  Is  most  clearly  seen  in  the 
dilution  e>cperimente  which  show  that,  in  the  L sand,  fun- 
gal growth  is  about  the  same  at  90  RH  (where  little  HR  is 
generated)  as  at  100  RH,  where  it  is  quite  strong.  The 
bacteria  actually  do  better  at  90  RH,  which  makes  them 
unkilely  as  HR  generators.  Actinomycete  growth  parallels 
the  increase  in  PT  quite  closely. 
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Scanning  electron  mlcroecopy  supports  this  view, 
revealing  that  actinomycetes  dominate  the  HB  sand  surface. 
Antibiotic  work  confirms  that  prokaryotic  organisms  are 
vitally  involved  in  the  development  of  vra  in  the  L sand. 

Two  cautions  are  required  here.  First,  while  the 
preceding  model  seems  to  hold  for  the  L sand,  this  is 
certainly  not  the  only  way  WR  can  develop.  Me  have  seen 
that  B sand  PTs  grew  quite  significantly  under  anaerobic 
conditions,  which  do  not  favor  actinomycete  proliferation. 
Second,  it  has  to  be  remembered  that  correlation  is  not 
cause.  While  actinomycetes  seem  to  correlate  best  with 
aerobic  WR  increase  in  the  L material,  it  could  still  be 
that  a particular  fungus  or  bacterium  is  the  true  cause 
of  the  effect,  but  that  its  relatively  small  numbers  are 
masked  in  the  dilution  experiment  and  hidden  from  the  SEH 
field  of  view  by  the  organic  material. 

Why  do  some  sandy  soils  not  become  HR?  The  results 
indicate  that  in  one  case  at  least,  that  of  Eustis  fine 
sand,  the  phenomenon  is  in  part  biological.  The  E sand 


certainly  contains  some  organism  which  suppresses  HR  in- 
crease in  the  L sand.  Presumably  the  same  suppressive 
power  applies  to  the  £ sand  itself. 

Our  inoculation  experiments  with  organisms  Isolated 
from  WR  sands  were  not  successful  in  generating  signifi- 
cant PTs  at  naturally  attainable  temperatures.  No  inocu- 
lations maintained  in  saturated  conditions  produced 
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repellency  at  any  drying  temperature.  However,  when 
one  particular  actinomycete  was  maintained  at  100  RH  on 
ignited  sand,  significant  repellency  was  produced  when 
the  sand  was  dried  at  lOOC. 

Scanning  EM  of  the  inoculated  sands  shows  a high 
concentration  of  spores  on  the  surfaces. 

natural  WR  does  not  appear  to  be  due  directly  to 
the  presence  of  hyphae,  spores,  or  individual  cells. 
Scanning  EH  of  naturally  WR  materials  shows  no  such  struc- 
tures as  is  the  case  with  WR  sands  generated  at  100  Ri], 
unless  they  are  specially  handled. 

The  Chemical  Basis  of  Water-Repellency 

It  was  not  possible  to  confim  the  view  of  Wander 
(1949)  and  Roberta  and  Carbon  (1972)  that  WB  is  the  direct 
result  of  an  organic  coating  over  most  of  the  sand  grain 
surface.  The  experiments  do  not  indicate  that  no  coating 
exists,  but  only  that  if  it  exists,  it  is  of  great  thin- 


The  WR  material  does  not  appear  to  be  removed  from 
the  sand  when  the  sand  is  wetted,  h large  volume  extrac- 

a single  drop  of  water.  Since  drying  at  field-attainable 
temperatures  does  not  re-induce  WR,  what  becomes  of  the 
old  WR  material  when  WR  is  regenerated  at  IDO  RH?  It 
could  be  that  the  old  NR  material  is  simply  sacrificed 


food  for  the 


microbial  proliferation. 
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The  aqueous  solvent  work  confirms  the  accepted  view 
that  Hll  is  base-sensitive.  On  high  pH  extraction/  all 
existing  and  potential  repellenoy  is  lost.  Organic 
solvents  tend  to  affect  WR  in  inverse  proportion  to  their 
dielectric  constant.  The  chemistry  of  this  is  not  under- 
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